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B Lymphocyte Stimulator (BLyS™ protein} is a member of the tumor necrosis factor (TNF) family of
ligands and functions as an essential in wize regulator of B lymphocyle homeostasis. As such. changes
in systemic BlyS-protein expression cansed hy disruption of the gene encoding BLyS or -administration
of neutralizing soluble receptors have resulted in profound losses in mawre B cell numbers and
impaired humoral imimunity. A similar phenotype has been observed in A/WySn) mice that express 4

wuncated BLyS receptor and are thus defoctive in BLy

S signat transduction. In contrast, overexpression

of BLyS protein in BLyS-transgenic mice results in B cell hyperplasia, hypergammaglobulinenya, and,
development of autoimniune-like disease. The ability of BLyS to regulate both the size and tepértoire
of the peripheral B cell compariment raises the possibility that BLyS and antagonists thereof may form
{he hasis of « therapentic trickotomy. As an agonist, BLyS protein may enbance humoral immiunity in
congenital or acquired immnunodeficiencies such as those tesulting from viral infection oy cancer
thernpy. BLyS-specific antagonists (amtibodies or soluble receptors) that inhibit the biological activity

of BLyS may- b effective hierapies for those auloimmune diseases characterized by pelycional
liypergammagldbulinersia and. elevated autoantibody titers. Finally, the specificity of BLyS for
3-lineage cells raises the possibility that BLyS. may be used as a targeting vehicle for delivery of a
eylotoxic or eytolytic signal to neoplastic B-lineage cells expressing one or more of the three known
BLYS receptors. This review discusses the therapentic potential of BLYS. in the context of BLyS

structure, function and féceptor specificity.

Keywords: BlyS: B cells: Praliferation: Autoimmunity: Apoptosis: Tomors

INTRODUCTION

B ‘lymphocyte development is a controlled process of
differentiation that begins in the bone marrow, where
committed B-lineage precursor cells. undergo immuno-
globulin (Ig) heavy and light chain gene rearrangements.
It these rearrangéments. are sucéessful, the immature B
cell gdins antigen responsiveness through expression of
the B cell receptor complex (BCR) on its cell surface. At
the same time, other receptors and ligands are expressed.
enabling the immature B cell to emigrate to tymphoid
tissues and interact with iis nmew peripheral micro-
environment [1-3]. However. of the 10-15 million
immature B cells produced each day by a healthy mouse,
only about 3% actoally further differentiate into mature,
long-lived B culls, suggesting the existence of strong
selective and homeostatic mechanisms controlling the size
and repertoire of the mature B cell compartment [4-6].

The mechanisms, controlling the transition from the
immature bone mamow B cell to the more mature
peripheral B cell are not fully understood but clearly
involve extensive negative selection to eliminate auto-
reactive BCR-expressing cells and positive selectivn (o
define an effective antigén-specific repertoire [7~ 12]. The
composition of the peripheral B cell pool is also controlled
by BCR-independent mechanisms through costimulatory
signals such as CD40/CD40L [13], CD45 [14]. and the
recently described cytokine BLyS (BAFF, TALL-1,
+TNF4. TNFS20, THANK) [15~19]. Unlike other
costimulatory signals, BLyS participates in the regulation
of both the size and repertoire of the peripheral B cell
puol, suggesting that BLyS, its receptors, and antagonists
thereof are imtriguing therapeutics for the treatment of B
cell diseases. This review will summarize the biology of
BLyS, its multiple receptors, and the potential use of BLyS
as the basis of a therapeutic trichotomy for the treatment
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FIGURE | Clusind afignmesn of the amino acid sequences of human, monkey. mt and muring BLyS. The rat and eynomolgus monkey BLYS sequences
were obained through depenciate PCR performed pn.spleen cDNA using probes hased on the human and murine sequences. The monkey seguence
provided lacks approxinmately 10 N-terminal amino weids, An additiony variant of the rit BLyS ¢DNA acking umino acids 133-165) was also
iderititicd {Feng and Moore, unpublished). Amino acids with o Black background maich the human BLyS sequence exactly.

TABLED BLyS expression und binding 0 humin cell fines

Cell line Cebular morphology BIyS expresston BLyS binding

Poudi Burkitr's lymphoma - -
Nuawmahwa Burkin's lymphoma - +
Raji Burkitt's lymphama - -+
IM-9 Multiple myeloma - +
RPMI-R226 Multiple myctoma +
Reh Acite fymphocytic Jeukemia - +
Jurkam Acute T eell feukemia - -
Sup-T13 Acute T cell feukemia - -
Kan2 Chrunic myclogenous lenkemia +

HIL-GN Acute: promyeloeytic levkemia + -
THP-t Acute mopocytic leukemia + -
Uo7 Histinewtic lwophoma i -
HCTLHEG “olon cascinoma - -
HT29 Colon carcinomit - -
CACOH-2 Colun adenuearcinomi - -
COLO-201 Colon adenocarcinoma = -
MDA-MB-231 Breast adenocarcinoma -
SCaBER Bladder squamots carcinon -
A4UR Kidney carcinoma -
HSTI66T Pancrens crcinoma -

Flaw cytomivtrie analysis wis conduciod using i biatinylated mAD BLyS-specific (BLy§ expression) ur biotinylated BLy$ reconbinznt protein (BLyS binding) tollowed by
phycoeryihrin-conjugated streptavidin,
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BLYS AND B CELL DISEASES

of immunodeficiencies, suteimmunity and neoplasric B
cell discases.

BLYS

The BLyS cDNA sequence was first identified through
high-throughput ¢cDNA sequencing of a human neutro-
phil-derived ¢DNA library on the basis of its sequence
homology to other tumor necrosis factor (ITNF) hike
molecules, most notably APRIL [15]. Swuctural analysis
of the 285-amino-acid BLyS prolein sequence predicts a
type I transmembrane protein with a carboxy-terminal
extraceliular domain. Comparison of human. murine, rat
and monkey BLyS sequences (Fig. 1) demonstrates strong
conservation within the receptor-binding carboxy-term-
inal region with more séquence variation observed in the
N-terminal region. Compared to the himan and monkey
BLyS sequences, murine BLyS contains an extra insertion
between the transmembrane region and the first predicted
B-sheet {15.16]. The BLyS gene has bcen mapped to
human chromosome 13y34 [15.16). Of the known TNF
ligands, only RANKL has been Jocated on this
chromosome, although quite distant from BLyS.

BLyS is encoded by a single 2.6kb mRNA highly
expressed in peripheral bload mononuclear cells, and also
found in spleen, lymph nodes, and bone marrow {15-191.
Althongh Schneider et al. haye detected BLyS mRNA in T
cells [16], the protéin is constitutively expressed on the
cellular membrane of tumar cells of myeloid lineuge
{Table I}, monocyies, macrophages and-dendritic cells, as
shown by flow cytometric analysis [15,18,20], Among
primary celis, BLyS expression is upregulited by IFN-y
f20] and downregulated by phorbol inyristate acelate/
jonomycin and by LPS [17,18]. Primary myeloid cells and
tumor cells of monoeylic erigin produce also a soluble
form of the protein [20], thus indicating that BLyS; like
other ligands of the TNF family [21]. is both a mémbrane-
bound and secreted protein. Mutations in the polybasic
sequence immediately preceding amino acids K132 and
R133 prevented the release of soluble BLyS [20]. This
finding is consistent with the hypothesis that a protease,
possibly a furin, is responsible for the cleavage of the
membrane-bound protein [16].

Recombinant buman BLyS has been produced in
prokaryotic and cukaryotic expression systems
[15,16,18,19] as a soluble protein of I7kD, with a
N-terminal sequence beginning with Alanine-134. Gel
filtration analysis showed that the recombinant protein
asscmbles into a trimer 161, similarly (o the quaternary
structure of other TNF family members.

BLYS RECEPTORS

To date, threc cellular receptors for BLyS have been
identified: transmembrane activator and CAML-interactor
(TACD). B cell maturation antigen (BCMA), and
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BAFF-receptor/BLYS receptor 3. {BAFF-R or BR3)
[22-30}. Unlike most members of the TNF family of
receptors that are type I transmembrane proteins [31],
TACI, BCMA and BAFF-R are type U1 transmembrane
receptors. Bach has the expected cysteine-rich repeats bul
the most distantly related member, BAFF-R, has only four
cysieines in its ligand binding domain compared to the six
cysteine residues found in TACI and BCMAL

" Farly analyses utilizing FLAG-tagged and biotinylated
forms of BLyS identified BLyS-binding proteins on the
surface of normal and neoplastic B-lineage cells ([15.16],
and Table 1). Subsequcent analyses using a 1231 BLyS probe
demonstrated that BLyS binds with high affinity to human
tonsillar B cells (Ky = 0.1 0M) and the number of binding
sites was determined to be approximately 2600 per cell
[32).

TACI and BCMA were the first two BLyS receptors
identified [22-28]. TACI was originally reperted to
interact with caleium-modulator and cyclophilin ligand
(CAML) involved in the signaling events underlying
lymphocyte activation [33]. TACI, which contains two
repeated cysteine-rich regions that are 50% identical lo
one another, is expressed on B cells and activated T cells.
This pattern of expression accounts for the activity
observed following BLyS treatment in activated T-cell
popilatiens [18], as well as the blocking effect of the
soluble receptor on T-c&ll activation [34]. BCMA was first
described- as a B-cell maturation antigen expressed
primarily. in immune organs and mature B cell lines
{35}, It contains onfy one extracellular six-cysteine-rich
motif, corresponding to a variant motif present in the
foutth tepeat of the TNFR1 molecple. Both TACI and
BCMA signal as classic TNF-like receptors, through
activation of NF-xB and AP-1 via the TRAF family of
adaptors [24-26.,28,36]. TACI wnd BCMA are also
receptors for APRIL, another member of the TNF family.
BCMA binds preferentially to APRIL; the functional
outcome of this interaction is still unclear, although it
has been reported to have a potential role in induction of
tumorigenesis [37].

To definc the role of these receptors im B cell

" development, severil groups have generated mice lacking

TACI or BCMA. Surprsingly, TACl-deficient mice
138.39] had increased B cell accumulation and spleno-
megaly resulting from increased cellularity of B cell
follicles and marginal zones. All the B cell types were
present in increased numbers, including maturc and
immature transitional 1 (T1) B cells, The B, cells
hyperproliferated and produced more 1gM. IgG and IgE
in response to wvarious stimuli in wino. Morcover,
challenge with T-cell-dependent antigens resulted in
enhanced antigen-specific antibody response, alihough
responsces 1o T-cell-independent type 11 antigens were
almost complelely abolished. From the analysis of the
knockout mice, it appeared that TACI is mainly a negative
regulator of B-cell survival and may have a role in
maintaining homeostasis. BCMA-deficiemt mice, on the
other end, had no peculiar phenotype or B-cell deficiency
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[401. All the B-cell types. from precursors to mualure
populations, were present. Taken together. these studies
indicated that additional receptor(s) mediate the mitogenic
activity of BLYS.

The third receptor BAFF-R, was finafly identified by
Thompson er al. [29] and by Yan et al. [30]. BAFF-R is
characterized by one cysteine-rich domain containing only
four cysteines, making it the smallest molecule of the
TNF receptor family. This single motif is similar to
the C2 repeat of BCMA and TACI. BAFF-R mRNA
is found in secondary lymphoid organs and it is absent
in feral Jiver or bone marow and. as for BCMA, iis
expression is restricted lo B cells. The transcript iy
highly expressed by resting B cells and, in contrast to
TACI, appears lo be downregilatéd upon activition.
BAFE-R interacts only with BLyS und does not bind
any other TNF ligand, including APRIL. Importantly,
it was found that the immenodeficient A/WySnJ mice
have 2 mutaton in the gene coding for the
intracellular domain of BAFF-R, so that the signdling
through the: receptor is interrapted. The A/WySn mice
exhibit a B-cell phenotype similar to that of BLyS
deficient animals; with loss of late transitional 2 (12)
B cells. but norimal bone maow and eaily T1 subsels
and periloneal B-1 cells.

BLYS AS A STIMULATOR OF HUMORAL
IMMUNITY

The first indication of the key role of BLyS in promoting
humoral iimunity &ame from in vitro-experiments using
recombinant protein in standard B cell co-stimulation
assays |15.16]. BLyS increased the proliferation and the
antibody production of human B cells costimulated by
anti-lg M er by fonmalin-fixed Staphylococcus aureus
Cowan I (SAC). Subsequent in itro studies by Do er al.
have demonstrated that BLyS affects the humoral
responses to T-cell-dependent and -independent antigens
by reducing apoptosis in B cells [41]. The increase in the
survival of naive resting B cells as well as CD40-activaled
cells was found 1o correlate with changes in the ratio of
Bel-2 family proteins, with reduction in expression of the
pro-apoptotic Bak and increase of anti-apoptotic Bel-2
and Bel-x;. Moreover, Batten ¢f al. reported that BLyS
increases Uie survival of the immature T2 B cells. which
are targets for negative selection. and allows their
differentiation to mature B cells {42]. These findings,
together with the constitutive expression of BLyS in
human leukocytes, indicate that BLyS is a survival factor
rather than a true stimulating factor and. thus. Il might
have 4 rclevant role in the maintenance of B cell
homaeostasis.

In vivo experiments showed that intraperitoneal
administration of the protein caused disruption of the
splenic strucnire with expansion of the white pulp and
increased the number of nucleated cells in red pulp
[15). The number of B cells belonging o 2 terminally
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differentiated phenotype was increased approximately
10-fold, and cireulating TeA and TgM increased two- and
five-fold, respectively. BLyS administration enhanced
antibody response (o T cell-independent antigens. such as
Pneumovax, as well as T cell-dependent antigens, such as
DNP-BSA [41].

The strongest evidence supporting BLYS as 4 cytokine
regulating the final maturation of the B-2 B cells came
from the generation of BLyS null mice [43,44]. In these
mice. B-cell development was blocked at the early
pansitional T1 stage, with extremely reduced numbers of
cells. of late tansitional T2, marginal or follicular
phenotypes in the spleen and lymph nodes. The mice
bad a drasticatly reduced number of mature recirculating
B cells. normal numbers of immature B cclls in the bone
marrow and. of B-1 cells in the peritoneum, and u severely
reduced peritoneal B-2 population. The mice had a
profound reduction in total serum Ig, but igA was only
slightly inhibited. A reduced antibody response was
observed after immunization with T-dependent and
T-independent antigens. The number of CD3* T cells in
the periphery was normal, although there was a simall
reduction in a subsel of memory/effector T cells. The other
hematopoistic cell linear =< were not affected. BLyS
deficient ice appeared cutwardly normal, with all the
major organs and lymphatic tissues present. although the
average spleen weight was redyced.

Together, these studies demonstrate that BLyS enhances
the magnitude of the humoral hmmune response by
attenuating B cell apoptosis. and. suggest that adminis-
ration. of the protein may improve the clinical
outcome of patients with immunodeficiencies. The
ability of BLyS to stimulate antibody production could
be useful in the therapy of lg deficiencies. such as
IgA deficiency, or common variable immimodeliciency
discase (CVID), in which B cells fail to differentiate
into plasma eells. and consequently very low levels of
Ig are present in the sera of patients. BLyS
administration may also help 0 stimulate  fmmune
functions in immunosuppressed transplant and cancer
patients.

BLYS AS A REGULATOR OF AUTOIMMUNE
DISEASES

Multiple components of the immune sysiems are involved
jn the pathogenesis of auloimmune diseases. B cells are
believed to play a central role because of the production of
autoantibodics. for example to nuclear antigens and
acetylcholine receptors in patients with systemic fupus
ervihaematosus (SUE) and myasthenia gravis. Excessive
Bl.yS-induced survival might disregulate immune toler-
ance by causing autoreactive B cells to become
unresponsive o death signals and to differentiate in
antibody-producing plasma cells.

The generation and characterization of BLyS transgenic
mice 22,45 46] has highlighted the relationship between
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BLyS and awtoimmunity. The mice presented enlarged
spleens, lymph nodes and Peyer’s paiches because of the
increased numbers of matre B cells and plasma cells.
When cultured in witro, the B. cells had an activated
phenotype and increased survival compared to cells from
control mice. In addition. elevated circulating Iy levels
were observed in ndive mice. Interestingly, BLyS-
transgenic mice developed autoimmupe-like phenotypes,
with high levels of circulaling rheumatoid factor, immune
complexes, anti-DNA autoantibodies, and Ig deposition in
the kidneys. These pathological changes are similar to the
one observed in human SLE that is partially characterized
by production of autoantibodies against self antigens.
followed by the deposition of immune complexes in thé
kidney and resulting renal failure.

In accord with these results, high levels of BLyS
were found in the sera of NZBWFL mice, which
develop a [upus-like syndrome as they age [22]. By 24
weeks of age, the animals had a six-fold increase in
serum levels of BLyS compared to controls. and BLyS
protein concentration corresponded  to  disease  pro-
gression. Further, recent reports have demonstrated
increased levels of BLyS in human SLE patients and
in patients with oflitr immung-based rheumatic
diseases. BLyS levels comelated with serum 1gG
levels and with anti-double-stranded DNA antibody
titers [47.48].

The potential for soluble BLyS receptors and neutraliz-
ing anti-BLyS antibodies in the lreatment of auloimmune
pathologics has been demonstrated by a series of siudies
conducted in mice. Both IgM and IgG responses o antigen
challenge were significantly reduced in mice treated with
a recombinant protein consisting of the murine TACI
ectodomain fused (o the Fc portion of the Jg molecule
(TACI-Fe) [25). In addition, the treatment abolished the
formation of splenic germinal centers, which are the

sites of antibody affinity maturation and memory B cell

formation. Soluble TACI and BCMA inhibited antibody
production to hoth T cell-dependent and -independent
antigens and markedly reduced the numbers of peripheral
B cells [23-25.49]. Interestingly, in the murine lupus
model, administration of human soluble receptor fusion
protein (TACIH-lg) significantly delayed the frequency
of proleinuria and increased the survival of the
NZBWF] animals [22]. Morcover. TACI-Fc injection
delayed the onset and lowered the severity of
inflanunation in a mouse model of collagen-induced
arthritis, which resembles human rheumatoid arthrigs
[34].

‘The recent idemification of a third BLyS receptor.
BAFF-R. will conceivably lead to the generation of
additional antagonists for the Lreatment of autoimmunc
disorders. Moreover, in light of the different specificity
of thc threc receplors, comparison of the effects
induced by in wivo administration of the decoy
receptors will help to define their individual contri-
bution to the regulation of B-cell physiology and
humoral immunity.
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BLYS AS ATARGETING PROTEIN FOR B CELL
MALIGNANCIES

The third dnd most intriguing part of the therapeutic
trichotomy is the possibility that BLyS may find clinical
application as a targeting protein for delivery of txins or
radioisotopes ta neoplastic B-lineage cells. The rationale
for development of a BLyS targeting protein is based on
ihree observations. First, BLyS receptors have been
detected on virtually every primary explant of non-
Hodgkin's lymphoma (NHL), muliiple mycloma (MM)
and chronic lymphocytic leukemias (CLL) sudied to date
(501, Hilbert D. M. unpublished data). The relative
expression of BAFF-R, TACI, and/or BCMA on (hese
tumnors has not been reported but the fact that each
receptor hinds BLyS with a similar affinity suggests that
expression of any one BLyS receptor may be sufficient to
farget labeled BLyS to these tumor types.

Second, several laboratories have reporied that the
BLyS teceptors are not expressed on pro/pre B cells found
in the bone marrow. This finding provides the hope that the
lack of receptors on B cel) precursors will allow a rapid
regeneration of the peripheral B cell following labeled
BLyS administration. On the other ‘hand, tumors derived
from early stages of B cell development such. as acufe.

‘lymiphoblastic leukemia (ALLY) are not likely targets for a

labeled BLyS therapy.

Finally, the plasma half-life of BLyS in mice is a
surprisingly long 2.7h, a value significantly longer than
that predicted for othver ligunds in the TNF superfamity-
[51-53]. H extrapolated to bumans, a labcled BLyS.
protein would have o predicted plasma half-life of 12—
241 |54). giving the drug ample time to distribule to
receptor bearing tumor tissues. Once distribuled, the
ability of the drug to deliver the cytotoxic signal will
depend on the nature of the “label” attached to BLyS and
the susceptibility of the tumor to such an insult.

Taken together, BLyS, appears to have the requisite
pharmacodynamic and pharmacokinetic properties to be
support development of a labeled BLyS protein for the
treatment of many neoplastic B-lincage tumors.

CONCLUSIONS

The discovery and biologica) characterization of BLyS has
led to exciting new opportunities in the treatment of B-cell
malignancies. At least three approaches can be envisaged
in which BLyS-based therapeutics could be employed:
recombinant BLyS for the treatment of immune
deficicncics: BLyS antagonists for the treatment of
autoimmune disorders; and radiolabeled BLyS to treat
cancers of the B-cell lineage. Clearly the success of these
approaches awaits clinical studies. ln addition, it is
anticipated that the functional genomic approach
employed to discover BLyS, together with the approaches
described o exploit the molecule therapeutically. will
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herald the discovery of additional proteins useful in
wreating diseases with unmet medicinal need.
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